INTRODUCTION
Cranial radiotherapy is commonly used to treat primary and metastatic brain tumors and is also used in non-neoplastic applications, such as in the treatment of cerebral arteriovenous malformations (AVMs), neuro-facial pain syndromes, and specific forms of epilepsy (1) (2) (3) . However, whether the protocol used is a localized fractionated schedule, whole-brain irradiation or stereotactic radiosurgery, in all cases, the total dose of cranial radiation delivered is limited by the sensitivity of the surrounding normal brain tissue and concern over subsequent radiation-induced side effects, such as radionecrosis and neurocognitive deficits.
Classically, it was believed that a tissue's response to radiation could be broken down into two components: an acute response resulting from DNA damage and production of reactive oxygen species and a chronic phase consisting of tissue remodeling that results from terminal damage to critical cell populations. More recently, investigators have shown that the response to radiation is a far more complex and continuous process, consisting of changes in the tissue microenvironment, the infiltration of immune cells, and the modification of reparative processes that occurs prior to the development of tissue injury (4) . The successful use of corticosteroids (5) and cyclooxygenase-2 inhibitors (6) as therapies for both acute and chronic radiation-induced brain injury suggests that neuroinflammation may play a role in its pathogenesis.
Neuroinflammation is a central nervous system (CNS) response to injury that is characterized by the activation of microglia, astrocytes and endothelial cells and increased expression of inflammatory mediators. It is therefore not surprising that brain exposure to radiation has been shown to result in both acute and late (persistent) neuroinflammatory responses. For example, increases in GFAP immunoreactivity, indicating astrocyte activation, have been observed as early as 4 h in vivo (7) and as late as 6 months (8) postirradiation. A similar pattern of activation has been seen for microglia. Increased CD11b staining in vivo has been seen as early at 4 h (7) and appears to persist out to 5-6 months postirradiation, as demonstrated by increased numbers of CD11b-positive or MHC II-positive cells (8, 9) .
In addition to cellular activation, there is a rapid (at 4 h) upregulation of multiple proinflammatory cytokine and cytokine receptor mRNAs in the brain such as TNFA, IL1B, IL6 and IL1A (10, 11) . In vivo studies also have shown that increased immunoreactivity for intercellular adhesion molecule (ICAM-1) on glial cells and the brain vasculature begins at 4 h (7, 12) . This is consistent with intravital imaging showing increased leukocyte rolling and adhesion within the first 24 h after radiation exposure (13) . An acute upregulation in the mRNA levels for multiple recruitment chemokines such as monocyte chemoattractant protein (MCP-1/CCL2) and macrophage inflammatory protein 2 (MIP-2/CXCL2) (11, 14, 15) has been demonstrated, and downstream inflammatory mediators, such as prostaglandins, are also increased after brain irradiation (11, 16, 17) . In addition, increased mRNA expression for proinflammatory cytokines and their receptors, as well as ICAM-1, has been found to persist for months after irradiation (18, 19) .
The neuroinflammatory response to cranial irradiation is complex, involving multiple cell types and multiple signaling pathways. Transgenic animals provide an effective approach to tease apart the contributions of inflammatory mediators and signaling pathways, and many such models have been created, often on a C57BL/6 genetic background. To the authors' knowledge, only one group has examined the long-term effects of radiation on the C57BL/6 mouse brain (19) . Although they reported a dose-dependent effect of radiation on seizure development, late changes were investigated in animals only after exposure to 25 Gy. In particular, Daigle et al. (19) examined behavioral changes, late changes in myelination, acute apoptosis and acute changes in the mRNA levels for a handful of cytokines. This paucity of data regarding long-term effects of radiation on the C57BL/6 mouse brain and the frequent use of this mouse strain led us to undertake a detailed dose-time investigation of the molecular and cellular components of the neuroinflammatory response after cranial irradiation. Our results provide a better foundation for understanding chronic neuroinflammatory changes and their potential contribution to changes in the CNS microenvironment after brain irradiation.
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) 8-10 weeks of age were used in all groups (n 5 488). Animals were allowed to acclimate for at least 7 days prior to experimentation. All animal procedures were reviewed and approved by the University of Rochester's Committee on Animal Resources and were in compliance with the National Institutes of Health (NIH) guidelines prior to the initiation of the study.
Radiation
Mice were anesthetized (90 mg/kg ketamine and 8 mg/kg xylazine administered intraperitoneally) then laid supine on the 137 Cs irradiator (J. L. Shepherd and Associates, San Fernando, CA) such that the cranial volume between their eyes and ears was exposed using a 5-mm 3 12.2-cm collimator slit. This collimator provided a very uniform field at a dose rate of 1.25 Gy/min with sharp edges that fell to a dose rate of 0 Gy/min within 2.5 mm of the slit edge. Mice were exposed to a single dose of radiation ranging from 0 to 35 Gy. This dose range was selected based on work done by previous investigators in other strains of mice (8, 18, 20, 21) . After irradiation, mice were returned to the vivarium and supplied with laboratory diet and water ad libitum until the time of euthanasia. Mice were euthanized at 4 and 12 h, 1, 3 and 7 days, and 1, 3, 6 and 12 months postirradiation.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Immediately after euthanasia, the animals were flushed intracardially with 10-15 ml of a solution containing 2 IU/ml heparin, 0.05% sodium nitrite, and 10 mM indomethacin in 0.15 M phosphate buffer (PB). After brain removal, the hemispheres were separated and snap frozen in isopentane. Frozen hemispheres were placed in sterile tubes and stored at 280uC. RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) and an Omni International TH tissue homogenizer according to the manufacturer's suggested protocol. cDNA was prepared using 1 mg of RNA, oligo (dt) and random heximer primers, and SuperScript III reverse transcriptase (Invitrogen). Real-time PCR assays were conducted by the University of Rochester Functional Genomics Center using commercially available, predesigned primer/ probe sets (Applied Biosystems, Carlsbad, CA), as listed in Supplementary Table 1 (http://dx.doi.org/10.1667/RR2587.1.S1). Samples were run on a custom TaqManH Array (384-Well Micro Fluidic Cards; Applied Biosystems) in a 7900HT Sequence Detection System (Applied Biosystems) loaded by a CAS-1200 (Qiagen Inc., Valencia, CA) precision liquid handling system. Standard curves were generated using serially diluted samples over 4-5 orders of magnitude. PCR reactions were carried out using TaqManH MasterMix. PCR conditions were as follows: denaturation at 94.5uC for 5 min followed by 40 cycles of amplification by denaturing at 97uC for 15 s and annealing/extension at 59.8uC for 30 s. To determine relative differences in mRNA levels, reaction efficiency (E) was calculated from a standard curve and threshold cycle (Ct) values were transformed using the following equation: expression 5 (1 z E) Ct . Ribosomal 18S RNA was used as a housekeeping gene to normalize the calculated quantities of mRNA for the gene of interest. The average of this calculated quantity for the control animals at a particular time was used to convert the data into relative change in expression of the genes of interest.
Statistical significance was determined for the RT-PCR data using Kruskal-Wallis tests for each time followed by Dunn's post-tests that compared each dose to the control. A P value of less than 0.05 was considered significant. Statistical analysis and graph generation were performed with Prism 5.01 for Windows (GraphPad Software, San Diego, CA).
Histology/Immunohistochemistry/Immunofluorescence
At each time, in a subset of animals, the brains were removed and post-fixed in 4% paraformaldehyde at 4uC for 2 h, at which point they were transferred to a 30% sucrose solution in 0.15 M PB until equilibrated. Once equilibrated, brains were snap frozen in isopentane and stored at 280uC until sectioning. Brains were sectioned at 30 mm on a sliding knife microtome with a 225uC freezing stage. Sections were stored in cryoprotectant at 220uC until processing. Every 24th brain section from each mouse at each time and dose was mounted onto slides. One set was stained using cresyl violet and another with hematoxylin and eosin. These stained sections were examined for the presence of gross pathological changes. Visualization of antibodybound sections for immunohistochemistry was performed using biotinylated secondary antibodies, avidin-biotin complex (Elite) and a 3,3-diaminobenzadine (DAB) substrate kit (Vector Laboratories, Brain sections were stained according to the aforementioned protocol, mounted 1:24 on 23 subbed slides, and counterstained with methyl green (Vector) according to the manufacturer's protocol. Sections were viewed with a Zeiss Axioplan light microscope (Zeiss, Thornwood, NY). Numbers of positively stained cell profiles with a methyl green-stained nucleus were counted throughout the first two brain tissue sections containing both blades of the dentate gyrus. The number of cells reported is the total number of cell profiles counted for the two sections.
For MHC II, the number of positively stained cells was plotted as a function of time and analyzed using a two-way ANOVA followed by Bonferroni post-tests comparing all doses at each time. For CD11c and CD3 cells, the numbers of positively stained cells for each marker were plotted as a function of time and analyzed using a two-way ANOVA followed by Bonferroni post-tests comparing 35 Gy to controls at each time. To examine the effect of aging on the presence of MHC II-, CD3-and CD11c-expressing cells, the numbers of cells from control animals for each marker was analyzed using one-way ANOVA followed by Bonferroni post-tests comparing all times to the earliest time recorded. All statistical analyses were performed in Prism 5.01 (GraphPad Software).
Quantification of MHC II-Positive Cells as a Function of Brain Section
Sections from the 0-and 35-Gy animals were stained for MHC II and methyl green (Vector Laboratories). Cell profiles were counted for each section throughout the cerebral cortex for each animal. Images of the sections were captured using an RT Spot camera (Diagnostic Instruments, Inc., Sterling Heights, MI) at a magnification of 103. Images were combined with the photomerge function in Adobe Photoshop CSII (Adobe Systems, San Jose, CA). The area of each section was calculated with ImageJ (NIH, Bethesda, MD), and the total number of cells was divided by the section area in square millimeters. The number of cells per mm 2 was plotted as a function of the approximate distance to Bregma, based on a mouse brain atlas (22) .
RESULTS
Assessment of Body Weight
As part of monitoring the general health of the irradiated mice, animals were weighed every month for the duration of the study. Some of the animals were observed to develop overgrown teeth at approximately 3 months postirradiation after doses of 25 Gy or more.
The teeth were clipped in these mice every 7-10 days as necessary. As shown in Fig. 1 , there was a dosedependent effect on the ability to gain weight. Data analysis using a two-way ANOVA comparing all doses revealed a significant interaction effect between the radiation dose and time 
Analysis of mRNA Transcript Levels of Inflammatory Mediators
To characterize the neuroinflammatory response to cranial irradiation, brain hemispheres were collected from irradiated animals at numerous times up to 1 year after radiation exposure and processed for cDNA. qRT-PCR was performed to assess mRNA expression levels of genes involved in neuroinflammation (Supplementary Table 1 , http:dx.doi.org/10.1667/RR2587.1.S1). Members of the IL1 family (IL1A, IL1B, IL1R1, IL1R2 and caspase-1), IL6, TNFA and TGFB were selected to look at inflammatory cytokine responses. GFAP was selected as a marker of astrocyte activation, MHC II and CD11b were selected as markers of microglial activation, and ICAM-1 was used as a marker of endothelial cell activation. In addition, COX-1, COX-2, PTGES, PTGES2 and PTGES3 were selected to investigate the contribution of the prostaglandin pathway. SOD-2, HO-1 and GSTP were selected as markers that respond to oxidative stress, and CCR2 and CCL2 were selected because of their known involvement with cell recruitment. The relative changes in these mRNAs were analyzed using Kruskal-Wallis tests at each time. If the Kruskal-Wallis test found a significant difference in the medians of the group (P , 0.05), it was followed by a post-hoc analysis using Dunn's multiple comparison tests.
Final analysis revealed that cranial irradiation yields a biphasic or multiphasic neuroinflammatory response (Supplementary Table 2 , http:dx.doi.org/10.1667/RR2587.1.S1). Representative examples of genes that significantly changed are shown in Fig. 2 . After doses of 15 Gy or more, significant differences in the mRNA levels for CCL2, IL1A and TNFA were observed at the two earliest times (4 h and 1 day). There were also early, significant differences seen in the levels for the endothelial and glial activation markers, ICAM-1 and GFAP, after irradiation at higher doses. Not surprisingly, increases in the transcript levels for HO-1 were noted at 1 day postirradiation, suggesting increased oxidative stress. Of note, increases in transcript levels were not observed across all markers since no acute change was detected for CCR2, IL1B, IL1R1 and IL6. At 3 days postirradiation, gene transcript levels in the high-dose (25 and 35 Gy) irradiated animals were no longer significantly different than their age-matched controls. In fact, MHC II expression was significantly decreased at 3 days and decreased at 7 days, although the difference at this time did not reach statistical significance. Transcript levels of COX-1, IL1A, IL1R1, IL6 and TNFA also appeared to decrease in these animals, although these differences failed to reach significance.
One month after irradiation, expression of glial activation markers differed significantly from controls, with MHC II and GFAP mRNA levels being increased in mice exposed to doses of 25 Gy or higher. A similar trend was also observed for TNFA and CCL2, but the increases did not reach significance. Although these same genes appeared to show modest dose-dependent increases at 3 months postirradiation, none were found to be statistically significant.
At 6 months, transcript levels for multiple cytokines, chemokines and activation markers were increased after the two highest doses of radiation. Significant elevations were seen at both doses for CCL2, GFAP, HO-1 and TNFA and at 25 Gy for COX-1, MHC II and TGFB. Other transcripts (CCR2, IL1A, IL1B, IL1R1 and IL6; Table 2 ) appeared to increase in a similar manner but failed to reach significance at either dose. Unexpectedly, ICAM-1 levels were significantly increased in the 5-Gy group but not at higher doses. ICAM-1 was similarly increased at 12 months postirradiation. In contrast, transcript levels for all other genes did not significantly differ from controls at this last time.
Analysis for the Presence of Radiation Necrosis
Brain sections from all doses and times were stained with cresyl violet and hematoxylin/eosin to determine whether gross pathological changes developed after radiation exposure. In particular, we looked for macroscopic and microscopic evidence of radiation necrosis. Macroscopically, radiation necrosis appears as hemorrhagic coagulation necrosis (23) . Microscopically, it manifests as areas of edema, neuroglial necrosis, blood-brain barrier dysfunction, hemorrhage, vascular damage, capillary malformations, perivascular cuffing of leukocytes, lipid-laden macrophages, and demyelination with surrounding areas of hypertrophic and reactive astrocytes and microglia (23) (24) (25) . We also looked for changes thought to precede the development of necrosis, such as dilation of blood vessels, enlargement of endothelial cell nuclei, thickening of the blood vessel walls, and astrocyte hypertrophy (24, 25) . Despite extensive analysis of tissue sections, at no time in the study was there clear evidence of radiation necrosis in this particular mouse strain, even after the highest dose of 35 Gy. Moreover, immunohistochemical staining of control and 35-Gy irradiated tissues with anti-mouse IgG at all times revealed no evidence of focal bloodbrain barrier disruption. Therefore, based on the consistent findings of neuroinflammatory changes at the mRNA level after the higher doses of radiation and the large number of times, further detailed immunohistochemical analysis was limited to the 0-and 35-Gy irradiated animals only. In the following sections, unless otherwise specified, references to irradiated animals denote animals cranially irradiated with 35 Gy.
Cellular Analysis of Neuroinflammation 1. Astrocytes
Consistent with observed increases in mRNA levels, GFAP protein expression was increased at early and late times after a 35-Gy radiation exposure. Examination of GFAP-stained sections showed radiation-induced evidence of astrocyte activation in the caudal striatum, an area essentially devoid of GFAP staining in control mice, beginning at 3 days (data not shown). These increases in striatal GFAP staining persisted at all times until the conclusion of the study. At 1 month, increased GFAP staining, hypertrophy and other changes in astrocyte morphology were present in both the striatum and more caudal brain regions, including the hippocampus (compare Fig. 3A and B) . These changes persisted for up to 1 year postirradiation (Fig. 3C ).
Microglia
To investigate the effect of cranial irradiation on microglia, sections were stained with antibodies to Iba-1, which is a surface marker present on microglia and other myeloid cells. This enables visualization of microglial morphology and size, which change with activation. By 7 days postirradiation, changes in microglial morphology became apparent throughout the dorsoventral axis of the brain as demonstrated in the hippocampus (compare Fig. 3D and E) . There was a decrease in punctate Iba-1 staining in the irradiated brains, most likely due to a retraction of fine processes in the irradiated animals that allowed for more distinct microglial staining. The microglial response to radiation was heterogeneous: some of the microglia adopted a slightly activated phenotype (hyperramified) (26) , while others exhibited a more classically activated morphology after cranial irradiation, particularly in ventral parts of the brain (insets, Fig. 3E and F) . At later times, the microglial response became more homogeneous (Fig. 3F) , with widespread evidence of increased hypertrophy and classically activated morphology.
To further investigate microglial activation, sections were stained for MHC II (Fig. 4A and B) and a dot-plot analysis was performed (Fig. 4C) to show cell localization. In normal brain, MHC II is constitutively expressed by perivascular macrophages and a small number of white matter microglia. At early times (4 h, 1, 3 and 7 days), MHC II staining was limited to perivascular macrophages in both irradiated and control animals, as is typically seen in the normal brain. Beginning at 3 days, the number of MHC II-positive cell profiles that co-localized with methyl NEUROINFLAMMATION AFTER CRANIAL IRRADIATION green nuclear staining was quantified for each time and analyzed with a two-way ANOVA and Bonferroni posttests comparing all groups (Fig. 4D) . Two-way ANOVA revealed a significant interaction effect between the dose of cranial irradiation delivered and the time postirradiation At 3 and 7 days, the number of MHC II-positive cells appeared to be decreased in animals exposed to c-radiation doses $5 Gy, but no significant difference was found at any dose. At 1 month, the number of MHC II-positive cells increased in a dose-dependent manner after doses $15 Gy. In contrast to nonirradiated animals, irradiated animals possessed MHC II-positive parenchymal microglia in addition to positively stained perivascular cells (Fig. 4A  and B) . Parenchymal MHC II-positive microglia also displayed an activated morphology. This dose-dependent increase in the number of MHC II-positive cells was observed at all later times. The increased number of MHC II-positive cells and the presence of labeled parenchymal microglia were not homogeneously distributed throughout the brain; there was a predilection for higher numbers in ventral than in dorsal brain regions (Fig. 4C) .
Of note, an interesting effect of aging on the number of MHC II-positive cells was observed in the control animals (Fig. 4D) 
Analysis of Endothelial Cell Activation and Immune Cell Infiltration 1. Endothelial cell activation
Similar to the timing of mRNA level increases, immunohistochemical evidence of ICAM-1 protein expression was increased as early as 1 day after cranial irradiation with 35 Gy (Fig. 5) . At 1 and 3 days postirradiation, increased staining was observed predominantly in the small vessels (Fig. 5B) . At later times, the staining in small vessels was less prominent, whereas increased staining was observed in larger vessels and patchy staining became apparent. Figure 5C and D illustrates this pattern at 1 and 6 months after irradiation. Subsequently, a change in the pattern of ICAM-1 staining occurred at 6 and 12 months postirradiation, when definitive cellular staining appeared. The most prominent of these ICAM-1-positive cells were highly branched with morphologies similar to the MHC II-positive cells described above (Fig. 5D inset) .
Neutrophils
The early induction and expression of ICAM-1 in irradiated animals suggested that radiation might result in the recruitment of peripheral immune cells into the brain. Staining for the 7/4 antigen was performed to Representative dot plots demonstrating the distribution of MHC II-positive cells in the brain were constructed for 0-and 35-Gy animals at 6 months (panel C). Each point represents one MHC II-positive cell. The total number of cells from the first two sections of brain tissue containing both blades of the dentate gyrus was quantified in control and 35-Gy irradiated animals, starting at 3 days (panel D). Data were analyzed with a twoway ANOVA and Bonferroni post-tests comparing all doses within a time. Graph shows means ± SEM, n 5 5-6 per condition at each time. The following symbols were used to distinguish the statistical significances determined within times for comparing one dose to one another: * compared to 0 Gy, z compared to 5 Gy, # compared to 15 Gy, and @ compared to 25 Gy. One symbol represents P # 0.05, two symbols represent P # 0.01, and three symbols represent P # 0.001. NEUROINFLAMMATION AFTER CRANIAL IRRADIATION determine whether cranial irradiation recruited neutrophils to the brain. Beginning at 4 h, the numbers of 7/4-positive cell profiles that co-localized with methyl green nuclear staining were quantified at each time in 35-Gy irradiated and control tissues. Quantification of 7/4-positive cells revealed that radiation induced a significant increase in neutrophil infiltration over controls only at 12 h postirradiation (96 ± 62 compared to 43 ± 18, P , 0.001; Bonferroni post-test) with no evidence of increased infiltration at any other time.
T cells
To determine if radiation facilitates an increase in the number of T cells recruited to the brain, sections were stained for CD3 antigen (Fig. 6A and B) . Interestingly, dot plot analysis revealed that CD3-positive cells appeared to be selectively recruited to white matter areas (Fig. 6C ). Beginning at 7 days, the numbers of CD3-positive cell profiles that co-localized with methyl green nuclear staining were quantified at each time and analyzed using a two-way ANOVA with Bonferroni post-tests comparing irradiated animals to controls (Fig. 6D) . There was a significant interaction effect between radiation dose and time postirradiation [F(4, 44) . Surprisingly, at 7 days postirradiation, there was an apparent decrease in the number of CD3-positive cells in the irradiated brain, but it did not reach significance. By 1 month, post-test analysis revealed that radiation induced a significant increase in the number of CD3-positive cells in the brain (272 ± 123 compared to 21 ± 11, P , 0.01), which persisted at 3 months (427 ± 157 compared to 62 ± 30, P , 0.001), 6 months (400 ± 139 compared to 140 ± 88, P , 0.01), and 12 months (454 ± 248 compared to 153 ± 100, P , 0.001).
As was the case for MHC-II-positive cells, the number of CD3-positive cells appeared to increase in control animals with increasing age (Fig. 6D) . Indeed, one-way ANOVA revealed significant differences between the number of CD3-positive cells over the course of the study [F(4, 22) 5 4.903, P , 0.006]. Post-tests demonstrated differences between the numbers of CD3-positive cells in control, unirradiated brain at 1 year relative to 7 days.
Dendritic cells
Sections were stained for the CD11c antigen to determine if radiation had the ability to increase the number of immune dendritic cells in the CNS. CD11c antigen and dendritic cells are not typically found in the 468 normal brain parenchyma, although they are commonly observed in the dura mater, leptomeninges and choroid plexus of healthy rats (27) . CD11c-positive cells were detected in the parenchyma at 1 month after cranial irradiation and were still present at 6 months postirradiation ( Fig. 7A and B) . CD11c-positive cells were not distributed homogeneously throughout the brain, with the majority of CD11c-positive cells being located in white matter tracts (Fig. 7C) .
Numbers of CD11c-positive cell profiles that colocalized with methyl green nuclear staining were determined at each time and analyzed using a two-way ANOVA with Bonferroni post-tests comparing irradiated animals to controls (Fig. 7D ). This revealed a significant interaction effect between radiation dose and time postirradiation [F(7, 72) 5 15.82, P , 0.0001], a significant effect of radiation dose [F(1, 72) 5 64.34, P , 0.0001] and a significant effect of time postirradiation [F(7, 72) 5 18.08, P , 0.0001]. Increases in the numbers of CD11c-positive cells compared to controls first reached significance at 1 month postirradiation (191 ± 67 compared to 5 ± 2, P , 0.01) and remained significantly increased above controls at both 3 months (396 ± 114 compared to 10 ± 4, P , 0.001) and 6 months (497 ± 233 compared to 24 ± 4, P , 0.001) but failed to achieve significance at 12 months (190 ± 89 compared to 136 ± 105, P . 0.05). This loss of significance at 12 months appeared to arise in part from an increased number of CD11c-positive cells in control animals (Fig. 7D) . Indeed, one-way ANOVA revealed significant differences between the number of CD11c-positive cells over the course of the study [F(7, 36) 5 7.875, P , 0.0001], with a significant elevation of CD11c-positive cells in unirradiated mice at 1 year compared to mice euthanized at all other times (P , 0.01; Bonferroni multiple comparison post-test).
Although increases in MHC II and CD11c expression were demonstrated in irradiated brain tissues, it was not clear whether there were cells that expressed both markers. To answer this question, sections were immunofluorescently stained for MHC II and CD11c. Although there were distinctions in the tissue distribution of these two markers, with CD11c-positive cells showing a clear predilection for white matter tracts (compare Fig. 4C to Fig. 7C ), we found that many cells having morphologies consistent with activated microglia expressed both CD11c and MHC II (Fig. 8) .
Localization of Radiation Effect on Immune Cell Activation
All of the activation and immune cell markers examined in this study showed selective distribution in the rostrocaudal axis, suggesting that they were increased only in areas that were exposed to the radiation beam. To further examine this phenomenon, the total number of MHC II-positive cells was quantified from each section in a 1:24 series of tissue sections for all 0-Gy or 35-Gy irradiated animals at 6 months. The numbers of MHC II-positive cells per section were plotted as a function of the distance from bregma of the quantified tissue section, which was estimated using a mouse brain atlas (22) . In contrast to control sections that uniformly showed a relatively low number of MHC II-positive cells, sections from 35-Gy irradiated animals showed a pattern of a steep increase in the number of positively stained cells followed by a plateau along the rostrocaudal axis ( Supplementary Fig. 1 , http//dx.dox. org/10.1667/RR2587.1.S2). Although the position at which this phenomenon was observed varied slightly between irradiated animals, the distance over which it occurred was similar (approximately 6-7 brain sections). Based on the number of sections over which this plateau effect occurred, we approximated the distance by multiplying the number of sections (6-7) by the thickness of the sections (30 mm) and the section interval (324). This yielded an estimated distance of 4.32-5.04 mm, a value consistent with the width of the radiation beam delivered through the 5-mm slit of our collimator.
DISCUSSION
Cranial irradiation can result in numerous clinical sequelae, which contribute to the morbidity and mortality of patients. The pathogenesis of these adverse effects remains elusive, but a number of studies support a NEUROINFLAMMATION AFTER CRANIAL IRRADIATION significant role for neuroinflammation. To establish a firm foundation for future mechanistic investigations, a major goal of the current study was to characterize the neuroinflammatory response of the C57BL/6 mouse brain over a wide range of doses and times after single-dose cranial irradiation. The doses used in this study are consistent with those used by other investigators (8, 18, 20, 21) .
The early and late neuroinflammatory responses to cranial irradiation seen in our study are consistent with previous studies using mice and other species. Cranial irradiation of the C57BL/6 mouse resulted in dosedependent, acute increases in mRNA levels of multiple proinflammatory mediators and markers of activation, as has been reported previously in different mouse strains (10-12, 14, 15, 18) . Although no formal behavioral testing was conducted, no overt changes in behavior, grooming or balance were noted in our irradiated animals at any time, a result consistent with previous studies (8, 19, 21) . Indeed, the only grossly apparent difference between animals cranially irradiated with 25 and 35 Gy and controls, which became statistically significant at 2 months postirradiation, was the failure to demonstrate age-appropriate weight gain. Similar findings have been reported in cranially irradiated rats after doses of 25 Gy at 6 months (9).
In the current study, some of the mice cranially irradiated with doses $25 Gy developed overgrown teeth, starting approximately 3 months postirradiation, that interfered with eating. As a result, animals were examined every 7 to 10 days, their teeth were clipped if necessary, and their food was placed at ground level for easier access. Based on dosimetry, the delivered dose was very localized, with essentially no total-body dose. We speculate, therefore, that the decreased weight seen at the two highest doses was partially due to the radiosensitivity of the salivary glands, which is well documented in mice (28) (29) (30) . Some salivary gland dysfunction was probably present after all of the doses used in this study; recovery of salivary function and some glandular sparing most likely explains the relatively normal weight gain seen at the two lower doses (29, 31) .
In addition to demonstrating early and late neuroinflammatory changes seen in previous work, the current study did elucidate some important differences and novel findings. Unlike previous studies using C3H mice (10, 18) , cranially irradiated C57BL/6 mice did not appear to suffer from increased mortality due to brain injury. There was no mention of abnormalities in dentition in other studies, so it is unclear whether this played a role in the mortality observed by others or whether the reduced mortality in our study reflects a potential strain difference in brain radiosensitivity. Alternatively, the dose range used may have been too low to elicit a lethal response. For example, the mice in our study did not show any histological evidence of radiation necrosis, consistent with previous reports (8, 21) . In contrast, Jost et al. 60 Gy delivered to the left hemisphere of BALB/c mice in 10 equal fractions was required to elicit radiation necrosis; lower doses resulted in no detectable radiation necrosis out to 10 months (32) .
Our study also demonstrated an acute infiltration of neutrophils into brain at 12 h postirradiation, a phenomenon that has been described in other tissues (33) . This finding is not completely surprising because previous work demonstrated increased leukocyte rolling and adhesion at 2 and 24 h postirradiation in pial vessels (13) . Although the specific mechanisms were not evaluated, the increased expression of TNFA and ICAM-1 observed during this time frame likely contributed to neutrophil infiltration (7, 34, 35) . Neutrophils possess NADPH oxidase and, upon stimulation, can release a burst of superoxide radicals, leading to a further increase in oxidative stress (36) . We found an increase in the mRNA of heme oxygenase-1 (HO-1) after cranial irradiation at 24 h. HO-1 is a microsomal enzyme present in endothelial cells, microglia, astrocytes and neurons that is upregulated in response to inflammation, tissue injury and/or oxidative stress (37) (38) (39) ; however, it is unclear if this early upregulation of HO-1 is the result of inflammatory stimuli or increased oxidative stress resulting from radiation exposure and neutrophil infiltration.
One of the more interesting and novel findings in this study was the delayed increase in CNS T-cell and dendritic cell populations after cranial irradiation. The central nervous system has long been described as being protected from the peripheral immune system or ''immunologically privileged,'' but this is not the case. Leukocytes are known to infiltrate the normal CNS and are believed to be involved in immunological surveillance of the parenchyma (40). Previous reports have described infiltrating T cells in response to radiation, but these were involved with perivascular cuffing and radiation necrosis (24, (41) (42) (43) (44) . In this study, it appears that radiation increased T-cell surveillance in the CNS and that this persisted for up to 12 months postirradiation. To the authors' knowledge, this is also the first report of dendritic cells appearing in the brain after cranial irradiation. Based on the times analyzed, it is unclear if the appearance of one cell type preceded another or if they appeared in response to the same stimuli.
Both T cells and dendritic cells showed a predilection for white matter. In addition, some CD11c-positive cells were found to be positive for MHC II, suggesting that these cells were mature dendritic cells and were capable of presenting antigen. T cells also appeared to be in proximity to dendritic cells (data not shown), suggesting that they may be interacting with one another. Interestingly, the appearance of T cells and dendritic cells in white matter and their proximity to each other have been reported previously in C57BL/6 mice as part of normal aging (45) . Further work needs to be performed to better characterize and elucidate the functions of specific subtypes of T cells and dendritic cells, in both normal and irradiated brain.
Cranial irradiation also caused a delayed, dose-dependent increase in the number of MHC II-positive cells that 470 persisted out to 12 months. Similar findings have been reported in rat brain after 20 Gy (9). The distribution of these cells in the brain was more homogeneous than that of the dendritic cells or T cells and did not show an obvious predilection for white matter. Consistent with upregulation of MHC II, these cells appeared to have an activated microglial morphology. Activated microglia are known to produce a number of inflammatory mediators, recruitment factors and proteases as well as reactive oxygen and nitrogen intermediates (46, 47) . At 1 month, decreases in SOD2 and GSTP1 mRNA were noted (Supplementary Table 1 , http://dx.doi.org/10.1667/RR2587.1.S1), and at 6 months, HO-1 mRNA levels were increased. These changes may be related to the persistent oxidative stress after radiation exposure that has been reported in the CNS by multiple investigators (48, 49) . The activated microglia, along with dendritic cells and T cells, indicate that radiation induces a chronic neuroinflammatory environment, a hypothesis that is further supported by late increases in the mRNA levels for TNFA, MHC II, GFAP and CCL2.
Our study demonstrated that cranial irradiation induced the recruitment of T cells in the C57BL/6 mouse brain. MHC II-positive and CD11c-positive cells are not typically found in the young mouse CNS parenchyma under normal conditions; whether these myeloid cells arose from endogenous microglia or were recruited from the periphery after irradiation remains to be established. Evidence that CCL2, a known recruitment factor for myeloid-derived cells, is upregulated at 6 months suggests that it may play a role in recruiting cells to the irradiated brain. Indeed, 10 Gy of whole-body irradiation has been shown to recruit CD11c-positive cells from the periphery (50) . Future studies are planned to better answer this question of cell origin in our model using bone marrow chimeras.
Finally, in the context of clinical practice, there is speculation that the accumulation of immune cells may be beneficial in the treatment of primary brain tumors. Gliomas represent 32% of all primary brain and CNS tumors, with glioblastoma multiforme (GBM) accounting for greater than 50% of all gliomas (51) . GBM is the most aggressive type of glioma and carries an unfavorable prognosis, with a 1-year survival rate of 33% and less than 5% survival at 5 years (51); with standard of care therapeutic intervention, the mean survival is 14.6 months (52). As a result, efforts are under way to develop newer combination therapies that increase survival. One such approach is to combine immunotherapy with radiotherapy (53) (54) (55) . Two of the more popular immunotherapies are adoptive T-cell transfer and dendritic cell vaccines, where both sets of immune cells are modulated ex vivo and returned to the patient (56, 57) . Common hurdles for both approaches are overcoming immunosuppressive factors and immune avoidance of the CNS and CNS tumors to facilitate T-cell stimulation and cell killing as well as enhanced delivery of effector cells to the tumor site (56) . Importantly, the glial activation, endothelial activation and immune cell recruitment observed in this study appeared to be limited to areas that were exposed to the radiation beam, as demonstrated by the rostrocaudal distribution of MHC IIz cells. Therefore, this observation of radiation-targeted immune activation suggests that combination radiotherapy and immunotherapy could yield improved therapeutic outcomes. Indeed, a synergistic effect of the two modalities was recently demonstrated in a rat glioma model (58) .
In summary, our study demonstrates that cranial irradiation results in a bi-or multiphasic inflammatory response with a delayed infiltration of immune cells in the C57BL/6 mouse brain. In this model, cranial irradiation induced an acute recruitment of neutrophils and caused rapid endothelial and glial activation. This response was followed by a delayed infiltration of T cells beginning at 1 month postirradiation that was accompanied by the appearance of MHC II-positive dendritic cells. These cells remained in the brain for months, indicating that cranial irradiation leads to persistent neuroinflammatory changes in the C57BL/6 mouse brain. Further studies will be required to determine whether such alterations in the CNS microenvironment affect brain function or responses to other challenges, including age-associated changes.
